We show that electrical resistive switching can trigger the appearance of multiple metal-insulator transitions (MITs) in VO 2 and V 2 O 3 planar nanodevices. We have fabricated planar devices to electrically induce oxygen vacancy drift and filament formation. We show that oxygen migration can create ordered vanadium-oxide phases of varying stoichiometry with an intrinsic MIT, resulting in well-defined hysteresis loops in the R vs T characteristics of the device. We also show that oxygen migration induces oxide phases displaying correlated behaviors. Our results open up the possibility to electrically control the MIT, enabling alternative functionalities in memristive devices and allowing for alternative paradigms in neuromorphic computing or memory applications.
I. INTRODUCTION
Resistive switching in transition metal oxides has attracted much attention over the past decade [1] [2] [3] [4] [5] [6] . Understanding the fundamental mechanisms that control this phenomenon has become a topic of increased interest with the rise of emerging technologies such as memristive memories or neuromorphic computing [7] [8] [9] [10] . The formation of conductive filaments within the insulating oxide has been widely reported to be the origin of this resistance change in most cases [6, 8, 11, 12] , although other effects, such as changes in the interfaces, might play an important role. Depending on the mechanism that triggers the appearance of these filaments, resistive switching in metal oxides can be broadly divided into electrochemical and thermal switching [8] . Electrochemical switching by strong electric fields is induced by the drift and/or accumulation of oxygen vacancies locally changing the oxidation state [6, 8] . On the other hand, thermal switching is caused by local Joule heating along the current path, which changes the resistivity [8] . Thermally assisted resistive switching is commonly observed in many correlated oxides such as VO 2 or NbO 2 which exhibit a metal-insulator transition (MIT) [13] [14] [15] [16] . In this paper, we address the possibility to use resistive switching to generate correlated oxides within the filament and the potential functionalities it could bring about.
In this paper we show that electroforming in vanadiumoxide nanodevices triggers the appearance of multiple MITs in the system. We show that oxygen migration under strong electric fields can create ordered vanadium-oxide phases with well-defined MIT. We show that this can be accomplished at temperatures far from the MIT which allows the application of large electric fields. Our work demonstrates that systems with multiple, stable correlated phases provide a unique opportunity for observing new physics in oxide nanodevices.
In particular, the VO X family exhibits a large number of stable, closely spaced stoichiometric phases, including the Magnéli series (V n O 2n−1 ) [17] . Most of them are known to be strongly correlated oxides, showing a MIT in which the resistivity changes by several orders of magnitude [18] . The temperature at which the MIT takes place follows no systematic dependence with the oxygen content and very small changes on its concentration shifts the MIT by several tens of kelvin. These particular characteristics of the vanadate family make it the perfect system to use electroforming as a mean to control the properties of the MIT just by applying a voltage.
We use VO 2 and V 2 O 3 planar nanodevices to explore the possibility of electroforming in two well-known oxides which exhibit a MIT, and whose electronic properties have drawn much attention in recent years [19] [20] [21] [22] [23] [24] . We show that the application of a high voltage triggers the appearance of multiple MITs which manifest themselves as several resistance jumps as a function of the temperature. Most of these jumps tend to appear around well-defined transition temperatures of the vanadate family. This indicates that oxygen vacancy migration has generated crystalline oxide phases within the device and reveals that electroforming in correlated materials exhibits complex electrical behavior and rather unique functionalities to common oxides.
II. EXPERIMENT
We have grown 100-nm-thick VO 2 and V 2 O 3 films on r-cut sapphire substrates using rf magnetron sputtering from a V 2 O 3 target. In the case of V 2 O 3 the growth is done in an 8-mTorr high-purity argon (>99.999%) atmosphere, while for the VO 2 we used a 4-mTorr argon-oxygen mixture (8% O 2 ). The substrate temperature during deposition is 720 and 520°C, respectively, and the samples are cooled at a rate of 80°C= min (V 2 O 3 ) and 12°C= min (VO 2 ) after growth, in the same gas mixture used during the sputtering. Single-phase growth in both cases is confirmed by x-ray diffraction, epitaxially along the h012i direction for V 2 O 3 and textured along h100i for VO 2 . Transport measurements show a MIT transition of over 5 orders of magnitude at 160 K for V 2 O 3 and around 4 orders of magnitude at 340 K for VO 2 , evidence that for both cases high-quality films are obtained. In order to apply high electric fields in the samples, we use a planar electrode geometry with a very narrow (80-200 nm) gap [see inset in Fig. 1(a) ]. The two closely spaced Ti=Au (20=40 nm thickness) electrodes are fabricated using e-beam lithography and e-beam evaporation. Optical lithography and reactive ion etching (Ar þ Cl 2 plasma) are used to etch all the vanadium oxide except in the nanogap area. Using optical lithography and e-beam evaporation, the nanoelectrodes are extended into contact pads. Measurements are carried out on a Lakeshore TTPX cryogenic probe station, using a Keithley 6221 current source and a Keithley 2182A nanovoltmeter.
Curve 1 in Fig. 1(a) shows the resistance R as a function of temperature T for one of the VO 2 devices (∼100 nm gap), with a MIT at 345 K, measured with a 10-nA current to avoid heating. Figure 1(b) shows the voltage V as a function of current I for the same device at a temperature of 340 K, just below the transition. As the current is ramped up, the voltage increases until there is a sudden drop in resistance of almost 2 orders of magnitude at around 1 V. This resistive switching persists as the current is ramped back down, indicating that a conductive path has been formed between the Ti=Au electrodes. After warming the sample above the MIT, the RðTÞ curve marked as 2 in Fig. 1(a) is remeasured using a low current. Curves 1 and 2 are almost identical: i.e., neither the resistance nor the MIT have changed as a result of performing this switching. This implies that although a filament is formed in the gap while ramping the current, the change is not permanent since it can be erased by a temperature cycling.
However, a completely different behavior is observed if the same procedure is performed at lower temperatures. Figure 1 (c) shows the VðIÞ curve for the same VO 2 device at a temperature of 200 K, at which the resistance is initially above 2 MΩ. Again, a resistance drop over 2 orders of magnitude is observed, but this time at a voltage of 10 V. Immediately after this process the RðTÞ curve 3 in Fig. 1(a) is measured. Stark differences with curves 1 and 2 are found: the resistance does not recover its preswitching value by cycling the temperature, indicating that permanent resistive switching has been achieved. Interestingly, in addition to the usual MIT of VO 2 around 345 K, a second abrupt hysteretic transition around 150 K appears.
We perform similar measurements in 20 different nanogaps, in order to obtain a statistical distribution of the temperatures at which these MITs take place. Figure 2 (a) shows a histogram of the number of resistance jumps as a function of temperature for cooling (top panel) and warming (bottom panel). The jumps concentrate around two different temperatures: 130 K while reducing the temperature, and 182 K while increasing it. The transition is centered around 151 K, close to the V 2 O 3 MIT, suggesting that V 2 O 3 crystallites have formed within the gap. The hysteresis between warming and cooling is larger than the usually found width (∼10 K) in V 2 O 3 . Such broadening of the hysteresis has been linked to a reduction in the system size [25] , indicating that these jumps are a result of small volumes of the sample undergoing a MIT.
Similar experiments in the V 2 O 3 nanogaps produce analogous results: several MIT appear as a consequence of the filament formation (see Supplemental Material [26] for the V 2 O 3 case). Figure 2(b) shows the jump frequency as a function of the temperature for the V 2 O 3 nanogaps. The transitions concentrate around two different temperatures, both for cooling and heating, indicating that more than one VO X phase is created within the gap. The two Gaussian distributions are approximately centered around 126 and 140 K, the latter being close to the MIT of V 5 O 9 (135 K). Interestingly, since V 5 O 9 has higher oxygen content than V 2 O 3 , this implies that the oxidation state has been increased in some regions of the gap. However, we have not been able to identify any vanadate with a MIT close to 126 K and this transition might be coming from an off-stoichiometry or strained VO X phase. This statistical analysis of cumulative events is widely used to obtain information in nanoscale systems subjected to great variability, such as resistive switching [27] or molecular tunnel junctions [28] ; and in our case it provides indicative information about the possible phases which could be present in the gap. In order to confirm the presence of a particular phase a structural analysis would be required, which given the small size of the filaments would be extremely challenging and beyond the scope of this paper.
The role of oxygen stoichiometry can be further investigated by annealing the samples above room temperature. Figure 3(a) shows the RðTÞ of a VO 2 device immediately after switching (curve 1), and after annealing in vacuum for 1 h at 300 K (curve 2), 350 K (curve 3), and 400 K (curve 4). The RðTÞ changes dramatically as a result of the annealing. The resistance increases as a function of the annealing temperature, almost recovering the full resistance and MIT of the unswitched state in the case of VO 2 (curve 4). This evolution with annealing temperature is a consequence of the oxygen vacancies redistribution during the annealing, which gradually restores the oxygen content within the gap. This reoxidation effect leaves a direct fingerprint in the transport properties: the electrically induced MIT shifts from 150 K (marked with an arrow in curve 1), corresponding to V 2 O 3 , to around 175 K (marked in curve 2), closer to the MIT of the oxygenricher V 6 O 11 . The results for the V 2 O 3 devices are qualitatively similar, as shown in Fig. 3(b) .
III. DISCUSSION
All these results can be understood considering two different mechanisms that can induce resistive switching: thermal phase switching and oxygen migration. At 340 K [ Fig. 1(b) ], thermally induced transient switching occurs [curve 2 in Fig. 1(a) ]. This behavior, observed before both in VO 2 and V 2 O 3 has a well-understood origin. Joule heating increases the local temperature above the MIT, parts of the gap turn metallic and the resistance drops suddenly [13] [14] [15] [16] . Using a simple heat-transfer model (see Ref. [29] ), we estimate that for the current and voltage values at which the breakdown takes place in Fig. 1(b) the temperature in the gap has risen from 340 to 344 K, enough to trigger the MIT in the device. This thermal breakdown limits the power, and hence the voltage that can be applied to about 1 V in the case of Fig. 1(b) . Although Joule heating seems to properly explain the origin of this breakdown, we should not overlook that the electric field might also destabilize the insulating phase and contribute to triggering the MIT [30, 31] .
On the other hand, at 200 K the increased resistance in the gap allows for the application of considerably higher voltages before the MIT takes place. In this case, the resistive switching occurs at an applied voltage of 10 V. The MIT at 150 K [curve 3 of Fig. 1(a) ] proves that a conductive filament with its own MIT, is formed within the VO 2 matrix. In this case, the electric field is high enough to produce electromigration of oxygen vacancies, reducing the VO 2 along the filament to form different VO X crystallites, with a different MIT. These oxygen vacancies might originate at the interface between the VO 2 and the electrodes, where the Ti layer reduces the VO 2 , creating a vacancy reservoir, as observed for TiO 2 [8] . Once the electric field is turned on, the potential gradient will push them towards the opposite electrode, creating a filament of different stoichiometry. This process is known to take place in very short time scales (down to ∼10 ns), having an exponential dependence as a function of the applied voltage [32] . Although the formation of reduced VO X oxides under strong fields had previously been reported [33] , they are shown here to display correlated behavior similar to existing crystalline phases. The typical resistivity of 10 −5 Ω m for the metallic phases of the VO X family implies that the resistance values after switching are consistent with the formation of a conductive filament with a radius around 5-15 nm. This is close to filament sizes reported for other metal oxides [6, 11, 12] .
The fact that the filament-formation mechanisms are starkly different at 340 and 200 K can be understood by analyzing the power dissipated in the gap during resistive switching. Since the dissipation is proportional to V 2 =R, as the temperature is decreased the voltage expected to thermally switch the device increases. This is particularly important for materials which exhibit a MIT, as the dependence of R on T is very strong. On the other hand, electroforming mechanisms are expected to be weakly temperature dependent so the voltage at which they take place remains almost constant [7] : in our case it is around 10 V, corresponding to a field of 10 8 V=m, close to that reported by many groups [3] [4] [5] [6] 11] . These two different temperature dependences naturally lead to a crossover in the mechanism responsible for the resistive switching, as we have shown. This implies that the presence of a MIT in large part determines whether electroforming will take place, and at which temperature it is possible. As a result, the device shows volatile (thermal) switching close to the transition, and nonvolatile filament formation at lower temperatures. These results might be of importance for the design of VO X nanodevices in fields such as neuromorphic computing, where both volatile and nonvolatile resistive switching are required to mimic the behavior of neurons and synapses, respectively [10] .
Once it takes place, electroforming completely changes the R vs T properties of the device. The details of the MIT reveal that it is composed of multiple closely spaced resistance jumps, indicating that several crystallites have formed in the filament with slightly different stoichiometry. Thus, the presence of compounds with well-defined stoichiometries restricts the variability in the electroformed resistive switches, giving a high degree of control.
The coupling of resistive switching and metal-insulator transitions achieved in our devices has immediate implications for fields like neuromorphic computing or memristive memories [7] [8] [9] [10] . The presence of hysteresis loops in the RðTÞ properties of the filament provides the device with an additional memory mechanism: the resistance will depend also on its thermal history. This thermal dependence adds an extra control mechanism to the system, in addition to the well-known voltage control of traditional metal-oxide memristors, allowing alternative functionalities. One consequence of these effects is that the I-V characteristics of the filament are highly nonlinear, as shown in the inset of Fig. 1(c) . This nonlinearity results in a threshold voltage around 0.1 V, below which it is hard to resolve whether the system is in the high or low resistance state, but above it both states are easily identified. Such a clear threshold for the readout voltage of a memristor would, for instance, solve the limiting and longstanding problem of sneak paths in resistive random access memories [34, 35] .
IV. CONCLUSIONS
In conclusion, we have studied the resistive switching in VO 2 and V 2 O 3 nanodevices. We find a high temperature regime in which the thermal breakdown frustrates the electroforming of a conductive path. In contrast, at low temperatures it is possible to apply high-enough voltages to create a filament of different VO X phases between the electrodes. Surprisingly, the RðTÞ properties after the switching change drastically and several metal-insulator transitions appear in the device as a consequence of the formation of these phases in the gap. The vanadate family, with its large number of correlated oxides very close in stoichiometry, allows these effects to be observed. Moreover, oxygen migration has been shown to create ordered correlated oxide phases which exhibit electronic properties similar to their bulk or thin film counterparts. These results could inspire similar experiments in other oxide families which show different electronic orderings depending on the oxygen stoichiometry, such as, for instance, the MIT in nickelates and niobates or the different magnetic orderings in iron oxides.
